Studies on the replication and gene expression of different foamy viruses (FVs) have deepened our understanding of the molecular biology of these nonconventional and complex retroviruses (for reviews, see references 1, 4, 13, and 15). FVs have been developed into viral vectors for defined targeted gene delivery applications (22) . Features favoring FV-based vectors are the lack of an overt disease association of naturally occurring FV infections and the low prevalence in humans, which has been primarily attributed to the rarity of interspecies transmission from FV-positive nonhuman primates to humans (7) . Simian FVs have the capacity to establish a persistent and apparently apathogenic infection in humans (7) .
It has been reported that human FV (HFV) Env proteins are responsible for the characteristic cytopathic effects that result in formation of syncytia and cell lysis (1, 18) . At present, it is unknown why FVs are apathogenic in the natural host whereas HFV-transgenic mice develop severe encephalopathy (1) . The mechanisms responsible for induction and maintenance of HFV persistence are unclear. There is evidence, however, that cells that survive a lytic infection carry functionally inactivated FV genomes characterized by a deletion within the gene that encodes Bel1 (Tas), the transcriptional transactivator of FVs. This is achieved by reverse transcription of almost full-length genomic RNA spliced only at the intron of the accessory Bet protein of unknown function (13) that results in bel1-deleted proviruses (23) . In contrast, some cell types allow a noncytopathic replication characterized by continuous production of genetically intact virus (30) .
A better understanding of the multiple mutual interactions of FVs with cellular genes and gene products of infected cells, and especially regulatory factors in infected hosts, is essential for gaining insight into the molecular biology of FVs, their potential disease association or apathogenicity, and future utilization of FV-based retroviral vectors for gene therapy. Thus, this report is aimed at the identification of cellular genes that are specifically activated in cells infected with HFV. One of the cellular genes that was identified was analyzed in more detail and shown to be activated by the HFV Bel1 transcriptional transactivator.
MATERIALS AND METHODS
Plasmids and transfection. Plasmids pBKCMV (Stratagene), pUC18, pCMV␤-gal, pBCbel (16) , pHSRV⌬MN (18) , pbel1s (28) , and pKip2 (27) were transfected into 293T cells by the coprecipitation method of Chen and Okayama (2) . Bet expression plasmid pBCbet was derived from pBCbel by replacing bel1 sequences with PCR-derived bet cDNA sequences by using standard techniques (24) .
Cell culture. Cultivation of 293T, human embryonic lung (HEL299), and FAB cells and virus propagation were done as described elsewhere (18) . To synchronize HEL299 cells, cultures were arrested in G 0 by culturing in Dulbecco modified Eagle medium (DMEM) without fetal calf serum (FCS) for 3 days and subsequently released by the addition of 20% FCS in DMEM. To monitor cell cycle progression, cells were stained with propidium iodide (50 g/ml, final concentration) and analyzed in a FACSort (Becton Dickinson, Hamburg, Germany) using the CellFit software.
RNA extraction, cDNA array and Northern blots. Total RNA was harvested using the acidic guanidium-phenol-chloroform method (3) . For cDNA array analysis, RNA was digested with RNase-free DNase I and selected for poly(A) ϩ mRNA [Dynabeads oligo(dT) 25 ; DYNAL, Hamburg, Germany]. Poly(A) ϩ RNAs (1 g of each) and [␣-
32 P]dATP (10 Ci/l; Amersham, Braunschweig, Germany) were used for generating complex, radioactively labeled cDNA probes. Samples were purified, diluted to 4 ϫ 10 5 cpm/ml in hybridization solution, and hybridized to human cDNA expression array filters (Human BroadCoverage; Clontech, Heidelberg, Germany) according to the manufacturer's instructions. After stringent washing, filters were analyzed by autoradiography and phosphorimaging (Molecular Dynamics, Krefeld, Germany). For Northern blot analysis, 10-g aliquots of total RNA were separated on 1% agarosemorpholine propanesulfonic acid (MOPS) gels (20 Denhart's solution, 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1 mg of tRNA per ml). Blots were washed with 2ϫ SSC-0.1% SDS and analyzed by autoradiography and phosphorimaging.
Immunoblotting. Cellular proteins were harvested by cell lysis in 1% SDS. Equal amounts of total protein as measured using the DC protein assay (BioRad, Munich, Germany) were separated by SDS-polyacrylamide gel electrophoresis, blotted, and detected with enhanced chemoluminescence (Amersham) as described elsewhere (16) . For detection of cellular proteins, sera against p57Kip2 (PharMingen, Hamburg, Germany), Egr-1 (Santa Cruz Biotechnology, Santa Cruz, Calif.), and IGF-II (Upstate Biotechnology Inc., Lake Placid, N.Y.) were used. Goat anti-mouse immunoglobulin G-peroxidase (Jackson ImmunoResearch, Hamburg, Germany) was used as secondary antibody. ϩ mRNAs (1 g of each) from HFV-and mock-infected cells were used to generate random radioactively labeled cDNAs as hybridization probes for two identical cDNA array membranes. Filters were stringently washed and visualized by autoradiography ( Fig. 1 ) or phosphorimaging. Cellular RNAs that showed strongly increased expression levels in HFV-infected cells are boxed in Fig. 1 . Upon normalization of signals to GAPDH mRNA standards, the expression levels of cellular genes COUP-TF1, IGF-II, Kip2, Egr-1, and EphB3 were significantly increased in HFV-infected cells compared to noninfected controls (Table 1) .
RESULTS

Analysis
In independent experiments, HFV-and mock-infected cells were harvested 36 h p.i. At this time, increases of less than fivefold for any of the cDNAs were detectable in cellular gene expression when hybridization patterns from HFV-and mockinfected cells were compared. Table 1 shows values only for cellular genes that were identified as up-regulated 72 h p.i. a cDNA arrays were hybridized to labeled probes from HFV-and mockinfected cells. Signals were quantitated by phosphorimaging and normalized to GAPDH standards. Induction is expressed as relative increase of HFV-infected compared with mock-infected HEL299 cells.
The number of genes identified is likely to be lower than the number of genes actually affected by HFV infection, since we focused on late events during HFV infection and since a fraction of cells remained uninfected early after addition of HFV. Similarly, a background of unaffected cells will mask decreases in RNA levels taking place in infected cells only, which likely explains why we did not unambiguously identify HFV-induced down-regulation of cellular genes.
Detection of HFV-induced changes in cellular gene expression by Northern blot analyses. To confirm the cDNA array data on the induction of cellular genes after HFV infection, RNA blot analyses were performed. To avoid unnecessary handling of samples during selection of poly(A) ϩ mRNA, total RNAs from nonsynchronized HFV-and mock-infected HEL299 cells were harvested 24, 48, and 72 h p.i. and directly used for Northern blotting. For blotting on nitrocellulose membranes, RNAs (10 g of each) were separated on denaturing gels and probed with cloned DNAs complementary to cellular Kip2, IGF-II, EphB3, Egr-1, COUP-TFI, and GAPDH mRNAs (Fig. 2) . Gels had been loaded with equal amounts of RNAs as estimated from similar intensities of rRNA bands after EtBr staining (not shown). Autoradiograms revealed significant increases in RNA levels of these genes in HFV-infected cells except for the housekeeping gene GAPDH, which was reduced after HFV infection. Quantification of the data is presented graphically next to each blot in Fig. 2 . Whereas at 24 h p.i. almost no changes in cellular gene expression were detectable, minor (IGF-II), intermediate (COUP-TFI, Egr-1, and EphB3), and strong increases in HFV-infected cells (Kip2) were clearly detectable 48 h after infection consistent with the data from cDNA array analyses. RNA levels for IGF-II and Kip2 increased even further during incubation, whereas other mRNAs did not show additional increments.
Detection of HFV-induced changes in HEL299 gene expression by immunoblot analyses. Next, the expression of HFVinduced cellular genes was studied kinetically by means of defined antisera. Randomly growing HEL299 cells were HFV or mock infected and harvested 24, 48, and 72 h p.i. Aliquots of protein (10 g of each) were analyzed by immunoblotting with sera directed against the cellular proteins identified. Temporal expression profiles of Egr-1, p57Kip2, and IGF-II in HFV-and mock-infected HEL299 cells are shown in Fig. 3 . Whereas Egr-1 (arrow in Fig. 3A ) was significantly increased after 48 and 72 h in HFV-positive cells, p57Kip2 (arrow in Fig.  3B ) was detectable in Hel299 cells only 48 and 72 h after HFV infection and was virtually absent 24 h p.i. and in mock-infected samples. In HFV-infected cells, increased levels of mature cell-associated 6.5-kDa IGF-II (arrow in Fig. 3C ) and high-molecular-mass precursors were detectable. Sera against EphB3 and COUP-TFI did not yield specific bands or were not available.
Induction of cellular genes by the HFV Bel1 transactivator. We then studied whether a defined HFV gene is responsible for induction of the identified cellular genes to confirm the specificity of the results described above. Cytomegalovirus immediate-early (CMV IE) promoter-based expression vectors coding for HFV Bel1 (pbel1s [Fig. 4, lanes 4 
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Bel1-MEDIATED TRANSACTIVATION OF CELLULAR GENES 4443 pUC18 (lanes 1) and pBKCMV (which contains the CMV IE promoter and the simian virus 40 origin [lanes 2]) were used for high-efficiency transfection of randomly growing 293T human kidney cells. 293T cells transfected with the different Bel1 and Bet expression plasmids and the controls were harvested 24, 48, and 72 h after transfection, and total RNA was analyzed as described above. Hybridization probes were specific for p57Kip2 ( Fig. 4A ), IGF-II (Fig. 4B) , EphB3, COUP-TFI, and Egr-1 (not shown). Graphic presentation of the data is shown in Fig. 4C to F. Kip2, IGF-II, and EphB3 mRNAs were clearly induced with time by the Bel1/Bet plasmid pBCbel (lanes 6). Remarkably, Kip2 RNAs and proteins (see below) showed a peak 48 h after transfection and slightly reduced but still elevated levels at 72 h p.i. IGF-II showed strongest induction in 
cells that expressed Bel1 but not Bet (plasmid pbel1s [lanes 4]).
Other plasmids, including an HFV proviral genome deficient in env (pHSRV⌬MN), did not show significant increase in the expression of any of the analyzed genes above background (Fig. 4 and 5) . Gels had been loaded with equal RNA quantities, as shown by reprobing the blots against GAPDH mRNAs. COUP-TFI mRNA levels did not change relative to the time of harvest or transfected DNA, whereas Egr-1 mRNAs were not detectable at all.
To directly correlate HFV Bel1 transactivator expression with increases in cellular gene expression, Bel1 expression was monitored in parallel using a Bel1/Bet-specific antiserum. Whereas Bet was strongly expressed from the CMV IE promoter in plasmids pBCbel and pBCbet between 24 and 72 h after transfection, Bet expression was delayed in HFV promoter-dependent deletion clone pHSRV⌬MN (Fig. 5A) . Bel1 was consistently detectable in pBCbel-transfected cells and only after longer exposure (not shown) in pbel1s-transfected cells but was virtually absent in extracts from other cells, including those transfected with pHSRV⌬MN. This Bel1 expression profile corresponds to the temporal patterns of HFV-mediated induction of cellular genes. Thus, it appears that the concentration and/or duration of Bel1 expression in transfected cells is a crucial parameter of the induction of distinct cellular genes.
Detection of Bel1-induced p57Kip2 expression by immunoblotting. To study whether the Bel1-mediated increase of distinct cellular transcripts is correlated with a concomitant increase in the corresponding protein level, 293T cells transfected with different Bel1/Bet expression plasmids and pUC18 control DNA were analyzed. Protein samples harvested in regular aliquots were analyzed by immunoblot analysis with p57Kip2 and IGF-II monoclonal antibodies (MAbs). As shown in Fig. 5B , protein bands specific for p57Kip2 were detectable in 293T cells only 48 h and 72 h (data not shown) after transfection with plasmid pBCbel or pbel1s (lanes 3 and 5). Neither the Bet expression clone nor the pHSRV13 deletion clone pHSRV⌬MN or control plasmid pUC18 resulted in detectable levels of p57Kip2 protein (Fig. 5B, lanes 3 and 5) . IGF-II precursors and mature IGF-II were not clearly detectable in transfected 293T cells. The results prove that the Bel1 transactivator alters cellular gene expression, resulting in significantly changed concentrations of essential cellular regulatory proteins.
HFV Bel1-mediated activation of the human Kip2 promoter. Plasmid clone pKip2, which directs human Kip2 expression from the human Kip2 promoter (27) , was used for cotransfections with the Bel1 expression plasmid pbel1s and pUC18 control DNA (Fig. 6 ). 293T cells were transfected with 5 g of pUC (Fig. 6A) or pKip2 (Fig. 6B ) DNA in the absence or presence of the Bel1 expression plasmid pbel1s. Proteins were harvested 48 h after transfection, and equal amounts of proteins were used for immunoblotting with the Kip2-specific MAbs. Whereas p57Kip2 expression from the cellular Kip2 gene was undetectable in the absence of Bel1, p57Kip2 was clearly visible in Bel1-expressing 293T cells (Fig. 6A) . Similarly, p57Kip2 expression in cells transfected with plasmid pKip2 (Fig. 6B ) was strongly and reproducibly increased by HFV Bel1 (lane 2). This result strongly indicates that HFV Bel1 directly transactivates the authentic human Kip2 promoter, enhancing the expression of p57Kip2 proteins. However, alternative mechanisms could be also employed as discussed below.
DISCUSSION
Here we report for the first time that HFV infection alters the expression of defined cellular genes, thereby likely changing or modifying cellular pathways in which these genes play important roles. Whereas the human cellular genes Kip2, Egr-1, EphB3, COUP-TF1, and IGF-II were strongly induced late during HFV infection of HEL299 cells, Kip2, IGF-II, and EphB3 were induced in Bel1-expressing 293T cells, too. In contrast, transcription factor COUP-TF1 expression was not affected by Bel1, and Egr-1 mRNAs were undetectable in 293T cells. This implicates cell-type-specific differences in HFV-mediated up-regulation of distinct cellular genes. It is likely that Egr-1 and COUP-TF1 were induced independently of Bel1 in infected HEL299 cells, for instance, by HFV-induced processes such as cell stress and cytopathogenicity. Since 293T cells did not show HFV-induced cytopathogenicity, signals required for up-regulation of transcriptional activators Egr-1 and COUP-TF1 may be absent in these cells. As a consequence, it is unlikely that COUP-TF1 and Egr-1 were responsible for increased p57Kip2, IGF-II, and EphB3 mRNA and protein levels in 293T cells. Taken together, different mechanisms for altering cellular gene expression during HFV infection obviously exist: defined cellular genes are activated by the Bel1 transactivator (Kip2, IGF-II, and EphB3), whereas others, such as Egr-1 and COUP-TF1, may be induced as a consequence of lytic FV replication. It is likely that Bel1 functions indirectly or in concert with presently undefined but limiting cellular factors, explaining the delayed activation of these genes in HFV-infected and Bel1-transfected cells. The biological functions and consequences of induction of cellular genes by HFV are unknown. A situation where growth-promoting IGF-II (20) and growth-inhibiting p57Kip2 (11) cellular functions are simultaneously activated by HFV might appear paradoxical. Intracellular overexpression of p57Kip2 leads to growth arrest of cells (11) , and this may allow efficient replication of HFV, a function similar to the Vpr-mediated cell cycle delay in human immunodeficiency virus type 1 replication (5). On the other hand, the HFV-enhanced secretion of IGF-II may act locally and/or systemically to increase the rate of replication of those cells on which HFV replication depends. In line with this model, 293T cells expressing Bel1 showed increased populations of S and G 2 /M-phase cells (data not shown).
As to the increased levels of p57Kip2 and Egr-1 in HFVinfected cells, it is noteworthy that the normal function of p57Kip2 is to act as a cell cycle-dependent kinase inhibitor and inducer of differentiation (11, 29, 31 ) and the pleiotropic growth-suppressive effects of Egr-1 (14) are in agreement with the nononcogenicity of HFV. In contrast, the mechanistically distinct interactions of the human T-cell leukemia virus type 1 (HTLV-1) Tax transactivator with other defined negative regulators of cell cycle progression of the INK4 family result in the inactivation or reduced expression of cyclin-dependent kinase inhibitors, and these events are considered to contribute to the oncogenic potential of HTLV-1 Tax (25, 26) . In summary, the different complex human retroviruses have the capacity to target the control and regulation of the cell cycle of infected host cells by fundamentally different mechanisms which result in distinct cellular responses.
The transcriptional transactivator Bel1 is necessary and sufficient for specifically increasing levels of mRNAs and protein of the cellular genes Kip2, IGF-II, and EphB3. The experiments indicate that a critical threshold level of Bel1 has to be present in the cells, as induction of IGF-II, p57Kip2, and EphB3 is correlated to Bel1 expression levels by the different effector plasmids, independently confirming the specificity of the activations (Fig. 5) . The Bel1 concentration required for induction of cellular genes was physiological, since these genes were also induced in wild-type HFV-infected cells. The requirement for critical Bel1 concentration is comparable to that during HFV gene expression in which the HFV internal promoter is preferentially activated by Bel1 prior to activation of the 5Ј long terminal repeat promoter (16, 17) .
At present it is unknown how Bel1 increases the expression of cellular genes. It is well known that Bel1 activates both HFV promoters by direct binding to short defined but promiscuous DNA target sequences of the FV promoters (9, 10, 33) and that for full transactivation levels, interactions of Bel1 with unknown cellular proteins seem to be required (10) . Since the potent Bel1 transactivator has the capacity to bind different DNA target sequences, it is likely that Bel1-mediated activation of cellular genes proceeds by a similar mechanism. One question is whether HFV Bel1 binds to and directly transactivates the promoters of IGF-II, p57Kip2, and EphB3 or whether Bel1-mediated activation of these genes is indirectly mediated by activation of unknown cellular transcription factors needed to activate expression of IGF-II, p57Kip2, and EphB3. The transactivator Tax has been reported to form Tax-DNA-CREB complexes that contribute to full transactivation levels in vitro (12) , a result comparable with findings for Bel1, which is postulated to interact with and recruit cellular transcription factors and/or coactivators to the promoters of the target genes (10) .
The results presented in Fig. 6 may indicate that Bel1 acts directly on the promoter of the Kip2 gene. Transcriptional regulation and activation of cellular genes is context dependent and relies on molecular interactions of defined cellular transcription factors (6, 8, 19) . It is likely that Bel1 interacts with defined cellular partner molecules of comparable higher-order oligomeric complexes for similarly enhancing and activating expression of target genes. Alternatively, Bel1 may increase the processing, stability, and/or transport of cellular genes. The mechanism on how Bel1 achieves transactivation of gene expression is the subject of our current studies.
